The structures of canine parvovirus (CPV) and feline parvovirus (FPV) complexed with antibody fragments from eight different neutralizing monoclonal antibodies were determined by cryo-electron microscopy (cryoEM) reconstruction to resolutions varying from 8.5 to 18 Å. The crystal structure of one of the Fab molecules and the sequence of the variable domain for each of the Fab molecules have been determined. The structures of Fab fragments not determined crystallographically were predicted by homology modeling according to the amino acid sequence. Fitting of the Fab and virus structures into the cryoEM densities identified the footprints of each antibody on the viral surface. As anticipated from earlier analyses, the Fab binding sites are directed to two epitopes, A and B. The A site is on an exposed part of the surface near an icosahedral threefold axis, whereas the B site is about equidistant from the surrounding five-, three-, and twofold axes. One antibody directed to the A site binds CPV but not FPV. Two of the antibodies directed to the B site neutralize the virus as Fab fragments. The differences in antibody properties have been linked to the amino acids within the antibody footprints, the position of the binding site relative to the icosahedral symmetry elements, and the orientation of the Fab structure relative to the surface of the virus. Most of the exposed surface area was antigenic, although each of the antibodies had a common area of overlap that coincided with the positions of the previously mapped escape mutations.
During a virus infection, host antibodies are raised against viral proteins that are recognized as foreign, although most of these antibodies do not neutralize the virus. The small fraction of antibodies that are neutralizing bind specifically to exposed structures on the surface of the viral capsid and can interfere with viral functions such as attachment, entry, or subsequent processing of the viral proteins critical to infectivity (20) . Among the many ways to neutralize viruses, a frequently encountered mechanism is cross-linking of virus capsids by multivalent antibodies, resulting in aggregation and perhaps precipitation (8, 55) . Alternatively, antibodies can bind bivalently across the icosahedral twofold axes of symmetry to prevent uncoating (12, 21, 48) . Antibodies may also neutralize infectivity by interfering with receptor attachment to the viral surface, sterically blocking viral attachment to cells or occluding the receptor binding site (22, 27, 53) . Antibodies have also been shown to induce a conformational change or rearrangement of viral capsid proteins, causing the receptor binding site to become inaccessible (33) .
Epitopes recognized by host antibodies on viral proteins may overlap with other functional sites, such as those recognized by receptors. Receptor binding sites may be found in cavities that are not readily accessible to antibodies (5, 50) or sequestered within structures that are not exposed until after binding of another receptor (31) . In other cases, the receptor binding sites appear to be exposed on the surface of the virus and to overlap substantially with antibody binding sites that have been defined (16, 23) . Parvoviruses have small, 260-Å-diameter, icosahedral, nonenveloped capsids that package a single-stranded DNA genome of about 5 kb. Each of the 60 subunits consists of the same eight-stranded antiparallel ␤-barrel motif found in numerous viral capsid structures (6, 34, 51) . In canine parvovirus (CPV) (58) and feline panleukopenia virus (FPV) (2) , large insertions between strands of the ␤-barrel form most of the capsid surface and create small, protruding "spikes" around the icosahedral threefold axes, which are involved in host recognition and antigenicity (11, 19, 25, 32, 38, 58) . Whereas both viruses can utilize the feline transferrin receptor (TfR) for attachment and infection (25) , CPV gained the ability to bind canine TfR and to infect canine cells and dogs (26) . Residues 93 and 323 within the major capsid protein, located in the vicinity of the threefold spikes, allow the CPV capsids to bind canine TfR (25) .
CPV and FPV are conserved in sequence, with little variation in most of the major viral capsid protein (24) . However, a number of antigenic variants have arisen during the evolution of CPV in dogs. The antigenic sites of CPV and FPV have been characterized and mapped to the virus surface by use of mono-clonal antibodies (MAbs) (54) , peptide analysis of polyclonal sera, and cryo-electron microscopy (cryoEM) (61) and by comparison of naturally occurring antigenic variants (10, 28, 29, 44, 57) . Competition assays and escape mutations divided the MAbs into two groups that mapped to sites designated sites A and B (40) . Site A was near the top of the threefold spike, and site B was about equally distant from the surrounding five-, three-, and twofold axes (54) (Fig. 1) . The role of the antigenic selection of viruses is not clear, as maternal antibodies initially protect animals against virus infection (42) . Antibodies that develop after infection are protective against reinfection for many years, and there is strong cross-protection between antigenically variant viruses (1) . Variations in both the A and B regions that affect antibody interactions also change the specific binding of the capsids to canine and feline TfR and consequently alter the virus host ranges (25, 37). Therefore, it is possible that selection is driven more by altered receptor binding than by the inherent antigenic properties of the capsid.
Eight MAbs and the fragment antibody binding (Fab) portion generated from each were previously characterized by biochemical analyses (35) . Three of the antibodies were from rats immunized with FPV, and five were from mice immunized with CPV. The antibodies were from animals that had been immunized repeatedly with purified viral capsids in adjuvants and therefore represented the high-affinity B-cell responses. All eight antibodies were found to neutralize virus infectivity when tested as immunoglobulins G (IgGs) (35) . All of the Fabs bound to virus with similar affinities and competed with the cellular receptor (35) . Three of the eight Fabs (14, B, and 6) attached to the A site, although Fab 14 bound to and neutralized only CPV, not FPV. Five of the eight antibodies (8, 15, 16 , E, and F) attached to the B site. From the latter group, Fabs E FIG. 1. The viral surface is shown as a stereographic projection where the polar angles and represent the latitude and longitude of a point on the viral surface, respectively (63) . The virus surface is represented as a quilt of amino acids (52) , and the icosahedral asymmetric unit of the virus is indicated by the triangular boundary. To visualize the different copies of the capsid protein in the road map that comprise the asymmetric unit, VP2 molecules are displayed in tints of magenta, green, and blue. Escape mutations from neutralizing antibodies are colored red for site A and dark blue for site B. Here we present cryoEM studies of the eight Fab molecules complexed with CPV or FPV capsids. We also present the crystal structure of the CPV-specific Fab 14. Although each antibody bound differently, all three Fabs directed to the A site had footprints that overlapped a common region that included the previously identified residues that altered MAb binding to that epitope. Similarly, the five Fabs directed to the B site had a common overlapped region coincident with the B epitope amino acids. The structure of Fab 14 was docked into the appropriate cryoEM density and demonstrated that the change in residue 93 on the viral surface allows the Fab to bind to CPV and not to FPV. The structure of the virus complexed with Fabs E and F suggests an alternative mechanism of neutralization from that for the other six antibodies.
MATERIALS AND METHODS
Preparation of viruses and Fabs. Capsids of CPV and FPV were prepared from infected feline cells. Full (DNA-containing) and empty capsids were purified by sucrose gradient centrifugation as previously described (39) . Eight different hybridomas produced antibodies (three rat IgGs and five mouse IgGs) against CPV or FPV capsids (Table 1; see Fig. 4 ) (40, 41) . Hybridomas were grown in 500-ml volumes in gas-permeable bags (Nexell, Irving, CA) containing Dulbecco's minimal essential medium with 5% fetal calf serum. The IgGs were purified using protein G (GE Healthcare, Piscataway, NJ). The Fabs were generated by papain digestion, the Fc portion was separated with protein A (GE Healthcare), and the monomeric Fabs were purified by chromatography in a Sephadex G100 column in phosphate-buffered saline. Protein concentrations were determined by measuring the A 280 and by bicinchoninic acid assay.
Sequence determination of MAb variable domains. For each antibody, mRNA was purified from the corresponding hybridoma by use of an RNeasy purification kit (Qiagen, Valencia, CA). This mRNA was either further processed immediately or aliquoted and stored at Ϫ80°C until used. Amplified products and cDNAs were generated using a one-step reverse transcription-PCR kit (Invitrogen, Carlsbad, CA). Mouse primers were designed for variable domain amplification, using the mouse IgG database (MRC Center for Protein Engineering [http://www.mrc-cpe .cam.ac.uk]). Rat primers were designed based on degenerate nucleotide rat IgG DNA sequences obtained from the National Center for Biotechnology Information. These rat primers amplified a similar region of the IgG mRNA to that amplified by the mouse primers. PCR products were then cloned into pGEM-T Easy (Promega, Madison, WI). Plasmid inserts were then sequenced using T7 or SP6 primers. The variable sequences of MAbs 8 and 14 have been described previously (61, 64) . The sequence for MAb 14 was redetermined here. The sequence of the heavy chain of antibody 16 was not determined.
Crystallization of Fab 14 and structural solution. Fab 14 was produced and purified as described above and then concentrated to 8 mg/ml in 50 mM HEPES, 150 mM NaCl. Crystals were obtained by mixing 1 l concentrated purified protein with 1 l of reservoir solution containing 25% polyethylene glycol 5000 and 0.1 M HEPES, pH 7.5, and equilibrating this hanging droplet over 750 l of reservoir solution at room temperature. Data were collected on Biocars beamline 14D at the Advanced Photon Source. The data were indexed and scaled using HKL2000 (36) . The crystals belonged to space group C2, with one molecule per asymmetric unit. The structure was solved by molecular replacement using the program MOLREP (59) . The immunoglobulin (Protein Data Bank [PDB] accession no. 12E8) was found to be a successful search model. Initially, the structure was refined as a rigid body by use of CNS (9), followed by model building into the electron density by use of COOT (15) 
, where ͗I h ͘ is the mean intensity value of I observations of symmetry-related reflections with h indices.
b R work ϭ ⌺ hkl ͓ʈF(obs) hkl ͉ Ϫ ͉F(calc) hkl ʈ͔/⌺ hkl ͉F(obs) hkl ͉, where ͉F(obs)͉ and ͉F(calc)͉ are the observed and calculated structure factor amplitudes. R free is the same as R work , except it is calculated for the 10% of the data that were randomly omitted from each resolution shell in the refinement (not used to calculate R work ).
c Values in parentheses are for the highest-resolution shell. c Determined by where the Fourier shell correlation fell below 0.5 for the density representing the entire viral capsid without setting to zero the density corresponding to the DNA for those capsids that were DNA filled.
d Code for the antibody, as described in previous studies (35, 54) .
5558 HAFENSTEIN ET AL. J. VIROL.
refinement with the program CNS (9) . The final refinement used 2.0-Å-resolution data, which gave an R work of 0.256 and an R free of 0.293 (Table 2) . Four nonglycine residues were in the disallowed area of the Ramachandran plot. CryoEM reconstruction. Purified Fabs were incubated with capsids at room temperature for 1 hour at a ratio of four Fab molecules per potential binding site on the virus (240 Fab molecules/capsid). Small aliquots of this mixture were applied to carbon-coated grids and vitrified in liquid ethane. Electron micrographs were recorded under minimal dose conditions (ϳ24 electrons/Å 2 ) on Kodak SO-163 film, using a Phillips CM300 FEG microscope. Micrographs were digitized with a Zeiss Phodis microdensitometer at 7-m intervals. The scans were averaged in boxes of 2 by 2 pixels, making the final pixel size 3.11 Å. The program RobEM was used to select particles and to make contrast transfer function corrections (http://cryoem.ucsd.edu/programs.shtm). The EM reconstruction processes were performed using icosahedral averaging with the programs EMPFT and EM3DR (4) . The model used to initiate the reconstructions was based on the earlier X-ray crystallographic results (58) . The final resolution was determined by where the Fourier shell correlation fell below 0.5 (Chuan Xiao [http://bilbo.bio.purdue.edu/ϳviruswww/Rossmann_home/river_programs/]) for the density representing the viral capsid between radii 70 and 140 Å (Table 1) and by back transforming the entire map for those reconstructions of complexes in which the capsid contained DNA.
Fitting the Fab structure into the appropriate cryoEM density. The program EMfit (45, 49) was used to calibrate the exact magnification of each of the cryoEM reconstructions by comparing it with a map derived from the X-ray crystallographically determined coordinates of CPV and FPV (PDB accession numbers 1C8D and 1FPV, respectively). A difference map was calculated for each virus-Fab complex by setting to zero the density within a radius of 3 Å surrounding each atom of the virus X-ray structure coordinates. The Fabs were fitted using the program EMfit (Table 3) , using a two-step procedure (18, 65) . The structure of the Fab constant domain (CL-CH) was fitted first, and the density was removed from the difference map before the variable domain Fab structure (VL-VH) was fitted into the remaining difference density. The structure used for fitting the constant domain was assumed to be similar to that for other mouse antibodies, such as the structure corresponding to PDB accession number 1AIF. For each Fab, the amino acid sequence corresponding to the variable domain was submitted to Web Antibody Modeling (WAM) (60; http: //antibody.bath.ac.uk/) to obtain a three-dimensional homology model used to fit into the remaining difference density.
Since the crystal structure of Fab 14 had been determined, it was compared to the structure of the homology model of Fab 14 obtained from the modeling service using the program HOMOlogy (43, 46, 47) in order to verify the quality of the homology modeling process used for the studies reported here. In addition, the variable and constant domains of the Fab 14 crystal structure were compared with those of another mouse Fab, 1AIF. Fab 1AIF was used for fitting Fab 16, for which the heavy chain amino acid sequence had not been determined (see Fig. 4) .
Fitting of Fab 6 had a special problem in that it bound close to the icosahedral threefold axes, causing steric hindrance between threefold axis-related molecules, implying that only one of three Fabs could bind at any one of the symmetry-related sites. Thus, the fitting operation was modified by negating the effect on the fitting criterion of the atoms that were in conflict ("clash") (Table  3 ) with the symmetry-related Fab molecules.
The structure of CPV (1C8D) was fitted into the corresponding virus cryoEM density by superimposing the icosahedral symmetry elements. Residues in the virus-Fab interface were identified as those in CPV or FPV that had any atoms less than 5.0 Å from any atom in the fitted Fab structure, using the CCP4 program CONTACT (14) . The buried surface area was calculated using a 1.70-Å probe. Among the eight different Fabs, the surface area of contact varied from 1,238 to 2,745 Å 2 . The surface areas were calculated with the CCP4 programs areaimol and surface (13, 14, 30) .
Nucleotide sequence accession numbers. 
RESULTS AND DISCUSSION
Crystal structure of Fab 14. The crystal structure of Fab 14 was determined to 2.0-Å resolution and refined to a final R work of 25% (R free of 29%) ( Table 2 ). The amino acid sequences of both the light and heavy chains were established by DNA sequencing (see Materials and Methods). All of the residues of the light (residues 1 to 212) and heavy (residues 1 to 220) chains were built into the electron density map. The secondary structure and the domain organization of the variable and constant domains of Fab 14 were typical for fragments of immunoglobulins (Fig. 2) . The angle between the two pseudodyad rotation axes of the VLVH and CLCH domains, or elbow angle, was 176°, which is within the observed range for Fab fragment elbow angles of 127°to 225° (62) . Thus, Fab 14 has an extended, nearly linear overall geometry. A Ramachandran plot of the torsion angles shows that 99% of the residues are within the generously allowed region.
Fitting of the Fab structures into the cryoEM density. The resolutions of the reconstructions of eight different Fab-virus complexes varied from 8.5 to 18 Å and roughly correlated with the number of particles selected for each reconstruction ( Fig.  3 ; Table 1 ). In seven of the reconstructions, the cryoEM den- However, the Fab 6 molecules bound close to the threefold axis of symmetry, such that they sterically interfered with each other, allowing only one of the threefold axis-related sites to be occupied. Thus, the density corresponding to Fab was approximately only one-third of the magnitude of the capsid density, except at the very base of the Fab. This position would always be filled, no matter which of the three possible sites were occupied (7) . Using the known X-ray crystal structures of CPV and FPV (PDB accession no. 1C8D and 1FPV, respectively), the density corresponding to virus was removed from each cryoEM map (see Materials and Methods), producing a Fab difference density map that was used for fitting the Fab structures. For each Fab, the constant domain was fitted first, followed by fitting of the variable domain (Table 3 ). Although eight different Fab molecules were used in the interpretation of the Fab-virus complexes, only the crystal structure of Fab 14 was known.
Comparison of the crystal structure with the homology model provided a measure of the degree of error introduced by the use of homology models. The root mean square deviation (RMSD) between equivalent C-␣ atoms upon superimposing the crystal structure onto the homology model was 0.8 Å between 123 C-␣ atoms, with the biggest difference being 5 Å in the heavy chain complementarity determining region (CDR) H3 loop. Three very similar results were obtained for the interpretation of CPV Fab 14 cryoEM density by fitting the variable domains obtained from the crystal structure of Fab 14 or from another mouse Fab structure (PDB accession no. 
PARVOVIRUS ANTIBODY BINDING 5561 1AIF) or using the homology model of Fab 14 calculated from the sequence. The RMSD between equivalent C-␣ atoms was never greater than 1.0 Å between any of the three fitted results, with the biggest deviation being 6.3 Å in the CDR H1 loop. On using the complete Fab 14 crystal structure without any adjustment to the elbow angle, the RMSD between the C-␣ atoms of the variable domain differed less than 0.7 Å with respect to any of the three independently fitted variable domains, showing that the elbow angle was not affected by Fab binding to the virus or by lattice forces within the Fab 14 crystal. Atoms located on the virus surface as well as atoms in each Fab molecule were identified if they were within 5.0 Å of the fitted virus and Fab structure. Thus, a footprint for each Fab was identified and plotted, and the Fab contacts were mapped (Fig. 3) . Each of the three Fab 14 models produced nearly the same footprint, although the contact residues identified using the homology model more closely matched the footprint obtained with the Fab crystal structure (Table 4 ). This justified the use of homology models for the interpretation of the other Fab-capsid reconstructions where there was no Fab crystal structure (see Table S1 in the supplemental material).
After mapping of the virus interactions to the Fab sequences, the most notable difference between the locations of contacts among the six different CDR loops was that for Fabs E and F all interactions with the virus mapped to the heavy chain, except for a single contact with CDR on loop L3. The distributions of contacts were nearly equal between the light and heavy chains for all six other Fabs (Fig. 4) . The quality of docking into the cryoEM density was estimated by determining the proportion of atoms that were in steric conflict between the virus and the fitted Fab structures (see Table S1 in the supplemental material). Fewer than 6% of the interactions were between atoms less than 1.5 Å apart, and all but one of these clashes were between side chain atoms. The number of interactions between each Fab and the virus was different, as was the percentage of those residues predicted to form hydrogen bonds with the virus (see Table S1 in the supplemental material).
The antigenic surface of the virus. The three A site and five B site footprints together covered more than 60% of the virus surface, including the threefold spike, which was thought to be the most antigenic surface area. The excluded surface area was comprised mostly of recessed regions on the capsid structure, i.e., a depressed region around the fivefold axis, the "canyon," and a depression located at the twofold icosahedral symmetry axis, the "dimple" (Fig. 5B) . These recessed areas would be less accessible to antibodies, as observed in studies of other protein antigens (3). However, the fully exposed and raised region surrounding the fivefold vertex was also excluded from binding any of the eight antibodies tested here, suggesting that merely exposure on the capsid surface is not a sufficient determinant for antigenicity.
The region common to all of the A site antibodies consisted of the three residues previously identified by escape mutant analysis (Asn/Lys 93, His 222, and Gly 224) plus seven additional residues (Thr 223, Thr 225, Pro 423*, Thr 425*, Asn 426*, Asp 427*, and Asn 428*, where an asterisk identifies a neighboring subunit). Similarly, the region common to all of the B site antibodies consisted of the three previously identified residues (Gly 299, Ala/Gly 300, and Asn 302) plus additional residues (Glu 298, Thr 301, and Lys 387*) (Fig. 5A ). This grouping of the antibodies into two binding regions is consistent with antibody competition binding experiments (40) , epitope mapping (54) , and peptide mapping (64) .
The amino acids of the CPV surface consisted of 42% polar but noncharged, 27% charged, and 32% hydrophobic amino acids. Within the A site antibody footprints, the exposed amino acid residues were 57% polar noncharged, 23% charged, and 20% hydrophobic, and within the B site antibody footprints, the surface residues were 52% polar noncharged, 25% charged, and 23% hydrophobic. Apparently, there is nothing obvious that differentiates residues in the antibody epitopes from other surface amino acids. Nevertheless, neutralizing antibodies bind either to the region common to all the A site antibodies or to the region common to all the B site antibodies, suggesting that these regions have some special property. All of the amino acids in these sites are at the very ends of loops 1, 2, and 4 in site A and at loop 3 as well as the insertion loop between beta strands G and H in site B (Fig. 6 ). This suggests that the common A and common B site surface regions might tolerate more mutational changes than elsewhere on the viral surface. It might also be relevant that the amino acids defining the A and B sites are at boundaries between subunits. Similar properties have been found for escape mutations to neutralizing antibodies for picornaviruses, such as human rhinovirus 14 (48) , where the escape mutations are clustered into four sites at the end of loops and also situated at the boundaries between subunits. The high variability of the surface antigenic sites may also be responsible for variation in host specificity, as indicated by the overlap of the TfR receptor binding site with the antigenic sites and the known effects of some antigenic mutations on the host range for dogs (Fig. 7) . Specificity of Fab 14 binding. Residue 93 is located within the common antibody binding region of the A site. The switching of lysine 93 in FPV to an asparagine in CPV is one of two surface changes necessary and sufficient to change the tropism of FPV to that of CPV. Of the three Fab molecules that bind to site A, Fab 14 binds only to CPV, whereas Fab 6 and B bind to both CPV and FPV. Thus, a lysine at position 93 in FPV prevents binding of Fab 14 but does not inhibit binding of the other two Fab molecules. Three hydrogen bonds might form between Fab 14 and CPV, whereas only two hydrogen bonds would be likely to form in an interaction between Fab 14 and FPV. The missing hydrogen bond in the interaction of Fab 14 with FPV is a result of changes in the structures of loop 1 and loop 2 when lysine is substituted for asparagine at residue 93 (17) (Fig. 8) .
Mechanisms of neutralization. Bivalent binding of an antibody to a virus requires that there is a distance of approximately 25 to 29 Å between the heavy chain C-terminal ends of symmetry-related Fabs (21, 22, 56) . For the Fab complexes discussed here, the shortest distance between symmetry-related Fabs varied from 48 Å (Fab 15) to 124 Å (Fab 14) ( Table  5 ). In none of these cases were symmetry-related Fabs close enough or in an orientation to permit bivalent binding of an (Fig. 3) . However, Fabs E and F attach to the surface of the virus at an oblique angle by which their pseudo-dyad axes make an angle of ϳ120°, increasing the area of a radial projection of Fab density onto the virus surface. Furthermore, in the case of both Fabs E and F, the Fab molecules span across twofold icosahedral axes, with the heavy chain residues making almost all of the contact with the virus surface ( Fig. 3 and 4) .
The cryoEM densities of the virus-Fab complexes were fully occupied by the virus and Fab structures, leaving no uninterpreted density, indicating that Fab binding did not induce any gross conformational changes in the capsid. Although each Fab footprint overlapped with the previously determined footprint of the cellular receptor TfR (Fig. 7 ) (19) , preincubation with soluble Fab has been shown not to completely inhibit subsequent receptor binding (35) . Furthermore, Fabs E and F neutralize as Fabs, suggesting that their specific interaction with the surface of the virus was the key component to the mechanism of neutralization. However, the footprints of Fabs E and F overlapped with only 5 of 46 residues in the TfR footprint, whereas the other B site Fabs overlapped with 12 or more residues (Fig. 7) . Thus, competition with receptor binding is not likely to be the mechanism of neutralization. However, the occlusion of the additional viral surface area and the contact between twofold axis-related Fabs may be involved in the mechanism of neutralization. Since no escape mutants have been isolated for Fab F, and only one has been found for Fab E (54), the attachment site itself may also have a necessary function for virus infectivity.
